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Abstract 
While there is increasing desire to improve the energy performance and sustainability of homes, there remains a strong need for 
lower-cost housing. This research involved the construction of a prototype house intended to achieve both high performance and 
low cost. This paper reports on an assessment of the environmental performance of the prototype using life cycle assessment 
techniques. A life cycle assessment was conducted for the innovative magnesium oxide structural insulated panels used for the 
prototype’s envelope system in comparison with traditional structural insulated panels and a stick-frame envelope The results 
show that the impact of transporting materials from China has a negative impact on the life cycle analysis results of the 
magnesium oxide panels relative to the wood-based alternatives, which could be largely alleviated through domestic sourcing of 
the main materials. The life cycle analysis was also performed on the lighting and heating designs for the prototype home, which 
showed that these systems performed very well relative to more conventional alternatives. 
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1.Introduction 
With society’s increasing awareness of and concern for issues sustainability, there is a strengthening demand to 
improve the energy and sustainability performance of homes. Yet, access and affordability of housing remain as 
significant problems, particularly among economically vulnerable groups.  The paper reports on work aimed at 
addressing both of these major challenges by trying to develop new approaches to constructing high performance, 
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low cost housing.  As part of this effort, a full scale prototype house was constructed on the University of British 
Columbia (UBC) Vancouver campus in late 2015 by AYO Smart Home, Inc.  Features of the prototype included a 
combined building envelope/structural system comprised of Magnesium Oxide (MgO) clad Structural Insulated 
Panels (SIP), high performance light emitting diode (LED) lighting and heating, ventilation, and air conditioning 
(HVAC) systems, among other technologies.  This paper describes an environmental analysis that was carried out on 
several of the major systems adopted for the prototype house in comparison with more traditional alternatives.  One 
of the prevailing environmental analyses techniques is Life-Cycle Assessment (LCA), the concept of which is to 
assess the sustainability of a product, a process, or a technique over its life span. With respect to the three 
sustainability pillars–environment, people and economy–there are three kinds of LCA–environmental LCA, social 
LCA and life cycle costing (LCC). This research focuses on LCA of environmental impacts only, while other work 
is underway to evaluate the economic, social, and technical performance of the prototype home.  The specific 
objectives of this research is to assess the environmental impacts the envelope, the lighting, and the HVAC systems 
of prototype home, and to compare these with alternative solutions. 
2.Methodology 
The building sector began to realize its environmental impacts in the 1990s. Two types of methodology can be 
used to manage these impacts, Environmental Impact Assessment (EIA) and Life Cycle Assessment (LCA). EIA is 
used to measure the actual impacts of a building or community on the environment. With standardized principles 
and frameworks, LCA is an attempt is to measure non-site-specific potential impacts of building products and 
components [1]. LCA addresses the potential environmental impacts of products and services, both embodied and 
consumed, from extraction to final disposal [2]. In this case, LCA can help decision-making on product selection.  
There are multiple LCA tools available in the market. To better understand different tools, the ATHENA Institute 
classified the assessment tools into three levels [3]: product comparison tools and information sources, whole 
building design or decision support tools, and whole building assessment frameworks or systems. 
Quantis Suite 2.0 and GaBi are popular commercial product LCA software. Athena Impact Estimator for 
buildings (IE4B) is the only free LCA tool in North America for whole buildings and assemblies. Despite some 
arguments that an LCA of envelope system should be conducted within the context of a whole building instead of as 
a stand-alone product [4], GaBi 6 was used for the LCA of the building envelope, since the graph reports of IE4B do 
not meet the research goal and the MgO SIP panels, being an innovative product, are not available as a wall 
assembly option in IE4B. In addition, compared to Quantis Suite 2.0, the interface of GaBi 6 is more user-friendly 
and it has international database.  
Many LCAs have been done for lighting products. The lights used in prototype house are high performance but 
are not in any way unique. Therefore, previous LCA results were directly referenced. Heating, cooling, ventilation 
and air conditioning systems always work interdependently as combined HVAC systems, which involve numerous 
components. LCA of these individual products considered in isolation do not effectively reflect the overall 
environmental impacts. Limitations of information, knowledge, and available time prevented the creation of a 
complete, detailed LCA of the specific HVAC solution adopted for the prototype home, and therefore the 
assessment approach relied upon previous studies that conducted LCA of various HVAC systems to evaluate the 
potential life cycle impacts of the prototype’s HVAC solutions.  
For each building system (envelope, lighting and HVAC), alternatives were explored and compared to the 
prototype design. The selection of alternatives was based on typical and traditional methods. 
3.LCA of the Envelope System 
The prototype home is a two-storey single family house, with 1,120 sf. ground floor area, 1,695 sf. roof area, and 
1,855 sf. net exterior wall area, adding up to 4,670 sf. envelope. It uses MgO SIPs for the majority of the envelope 
and structural systems (foundation walls, ground floor, exterior walls, and roofs). The goal of this LCA is to 
investigate the environmental impacts of MgO SIPs (R-30.5 EPS), in comparison with traditional SIPs (R-30.5 EPS) 
and the traditional stick-frame envelope system (R-30 fiberglass) during the raw material extraction, manufacturing, 
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transportation, on-site construction, and use phases. As a fairly new and uncommon product, the end-of-life phase 
recycle rate is not known and thus was not modelled.  
The functions of building envelope are water, air, vapour and heat control. Water control is typically 
accomplished by cladding (for example, siding, masonry or stucco) and a sheathing membrane or insulating 
sheathing, flashing, sealants and other materials. In Canadian wood-frame house construction, a combined air barrier 
and vapour barrier is often provided by 0.15 mm (6 mil) sheet polyethylene under the gypsum board wall and finish 
that is sealed at joists, penetrations and interruptions, such as windows and floor junctions [5].  In some areas, rain 
screen systems are common. Thermal insulation is always provided for heat flow control. 
In order to compare envelope systems, they should have same level of controls over water, air, vapour and heat 
flow. Here, we assume that all the alternative envelope systems have the same cladding, water proof sheathing 
membrane, and polyethylene sheet in the same locations, the same post and beam system, and the same doors and 
windows, since these are not included in the prefabricated SIPs.  Given the same functions for water, air, and vapour 
control, the functional unit of this LCA study is providing exterior walls, roof, and ground floor for the prototype 
home with same thermal comfort for a 50-year lifespan.  
3.1.Envelope System Alternatives 
Table 1 summarizes the main materials that make up the wall assemblies for the three alternatives.  According to 
the structural drawings of the prototype [6], the main materials in MgO SIPs are Magnesium Oxide (MgO), Oriented 
Strand Board (OSB), Expanded Polystyrene (EPS), and Softwood Dimensional Lumber (2-2×6 studs at 24” spacing 
with 2-2×8 top and bottom plates). At present, OSB is used for the interior sheathing layer to meet seismic design 
requirements, and an additional layer of MgO is added after the panels are in place.  It is possible that in the future, 
the OSB layer may be eliminated.  Kellenberger and Althaus suggested that the influence of the ancillary materials 
is high for wooden constructions as a high quantity of screws, nails and other connectors are essential [7]. Therefore, 
screws and glue are also included in this LCA model.  
The MgO SIPs were manufactured in a plant in High River, a town within the Calgary Region of Alberta, 
Canada, and then moved to Vancouver. All the materials are assumed from local suppliers (160 km from origin site 
to SIP manufacturing plant via truck-trailer), except that MgO, which according to the manufacture, originates from 
China and is shipped to Vancouver, transported by rail to Calgary, and then by truck-trailer to High River. The 
transport from plant to construction site is via rail. When the panels were delivered on site, the foundation walls 
were placed first, followed by the main floor panels. Then the wall panels were erected and connected to the floor. 
After columns and beams were installed, the roof panels were placed and connected to walls. Figure 1 shows the 
MgO SIP panels being installed on the prototype home. 
Figure 1. MgO SIP panels being installed on the prototype home 
Only one fork lift (with arm) was used to lift the panels during construction. The SIP installer said they used 
about 150 liters of diesel in total. In the LCA model, the construction process was modeled by 125 kg diesel input. 
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For the occupancy phase, the average annual electricity usage for space heating in the prototype house is 735 kWh, 
based on energy simulation results conducted by the developer. 
In comparison with the MgO SIPs, the configuration of traditional SIPs is similar, but they do not have MgO 
sheathing. For exterior wall and floor panels, there is one more layer of ½” OSB. And for all the panels, one layer of 
5/8” Type X Gypsum Wall Board (GWB) is added to provide fire resistance. We assume that the SIP manufacturing 
plant is in Calgary as well, but the materials are all from local suppliers (160 km via truck-trailer). The 
transportation from plant to construction 
site, the on-site installation and the use phase are the same with MgO SIP house.  
In contrast to the SIP alternatives, the stick-frame house model is 2-2×6 studs at 16” o.c (giving 1.5 times the 
amount of dimensional lumber as with the SIPs) and R-30 fiberglass (original 9.5” but compressed into 7.25” cavity, 
resulting in R-25).  There is one layer of 5/8” plywood on the outside and one layer of 5/8” GWB on the inside.  
Screws are assumed to be 2 times the amount as the SIP alternatives. All the materials are local and transported to 
the construction site by truck-trailer.  
The on-site construction process is more complicated and requires more manpower and time. However, 
according to the SIP installer, the use time of a fork lift in the stick-frame house construction is similar to SIP 
installation. Therefore, the energy used in stick-frame construction model is taken to be the same as in SIP model. 
According to the manufacturer of the MgO SIPs, continuous EPS insulation creates a true R value while the other 
forms of wall assembly can exhibit more than a 50% loss in R-value performance due to settling insulation, 
pinching, and degradation [8]. Therefore, for a conservative assumption, the true R-value of the stick-frame walls is 
R-20. Given the same mechanical system, the average annual electricity usage for space heating in the prototype is 
1,306 kWh for a R-20 stick-frame house, based on energy simulation results.  
Table 1. Composition of the three building envelope alternatives, exclusive of exterior cladding, roofing, etc.  MgO = Magnesium Oxide board, 
EPS = Extruded polystyrene foam; OSB = Oriented strand board; GWB = Gypsum wall board; SDL = Softwood Dimensional Lumber   
 MgO SIP Traditional SIP Stick-frame 
Exterior Wall 0.5” MgO; 7.25” EPS; 0.5” OSB; 
0.5” MgO; 0.16” Glue; SDL 
0.5” OSB; 7.25” EPS; 0.5” OSB; 
0.625” GWB; 0.16” Glue; SDL   
0.625” Plywood; 7.25” fiberglass insulation; 
0.625” GWB; SDL 
Floor  0.5” MgO; 7.25” EPS; 0.5” OSB; 
0.09” Glue; SDL   
0.5” OSB; 7.25” EPS; 0.5” OSB; 
0.625” GWB; 0.09” Glue; SDL   
0.625” Plywood; 7.25” fiberglass insulation; 
0.625” GWB; SDL 
Roof 0.5” OSB; 0.5” MgO; 7.25” EPS; 
0.5” OSB; 0.16” Glue; SDL 
0.5” OSB; 7.25” EPS; 0.5” OSB; 
0.625” GWB; 0.09” Glue; SDL   
0.625” Plywood; 7.25” fiberglass insulation; 
0.625” GWB; SDL 
3.2.Envelope LCA Results 
Different assessment systems provide different indicators and calculation rules for Life Cycle Impact Assessment 
(LCIA), but they are generally similar.  For this study, six indicators from CML 2001—an impact assessment 
method proposed by a group of scientists under the lead of CML (Center of Environmental Science of Leiden 
University) in 2001—were used to assess the alternatives. Four of them are common indicators across different 
assessment systems: Global Warming Potential (GWP), Acidification Potential (AP), Eutrophication Potential (EP), 
and Ozone Layer Depletion Potential (ODP). The other two are chosen because they were of interest for this study: 
Abiotic Depletion Fossil (ADF) and Human Toxicity Potential (HTP).   
When first conducting LCIA for the MgO SIP alternative (scenario 1), it was found that the transportation of 
MgO from China to Canada contributed significantly to the GWP, AP and EP. (light fuel oil was modeled as an 
alternative to heavy fuel oil for the ocean transportation, by the results were not significantly different). As deposits 
of magnesium oxide ore exist in Canada, another scenario was evaluated to consider the case where the MgO is 
supplied from domestic sources. Scenario 2 is exactly the same as scenario 1 except the transportation of MgO from 
original site to the plant (assuming 800 km via rail). 
Figure 2 shows the LCA results of the two MgO SIP scenarios, the traditional SIP scenario and the stick-frame 
envelope. MgO SIP scenario 1 has the highest impact on GWP, AP and ADF. MgO SIP scenario 2 performs slightly 
worse than traditional SIP on GWP and ADF, but better than traditional SIPs on AP and EP. The conventional stick-
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frame envelope has the least impact in terms of GWP, AP, EP and ADF, but has considerably higher impact on ODP 
and HTP compared to other alternatives. 
Table 2 lists the main factors contributing to the differences between the alternatives (these factors account for 
more than 90% of the differences).   
Table 2. Main contributors to impact indicators (the number following the factor is the value of the indicator in its unit) 
 MgO SIP 1 (China) MgO SIP 2 (Canada) Traditional SIP Stick-frame 
Global Warming 
Potential 
EPS 3820, container ship 3160, 
rail transport 2710 
EPS 3820, rail transport 
2710 
EPS 3820, rail transport 
2710 
Fiberglass 4910, truck-
trailer 730 
Acidification 
Potential 
container ship 106, OSB 
production 95.4, rail transport 
20.5 
OSB production 95.4, rail 
transport 20.5, EPS 9.38 
OSB production 145, rail 
transport 20.5, EPS 9.38 
Fiberglass 23.8, truck-
trailer 2.83 
Eutrophication 
Potential 
OSB production 24.8, container 
ship 10.8, rail transport5.34 
OSB production 24.8, rail 
transport 5.34 
OSB production 37.6, 
rail transport 5.34 
Fiberglass 2.94, truck-
trailer 0.744 
Abiotic Depletion 
Fossil 
EPS 106000, container ship 
46300, rail transport 44600 
EPS 106000, rail transport 
53040 
EPS 106000, rail 
transport 49910 
Fiberglass 72100, truck-
trailer 23060 
Ozone Layer 
Depletion Potential 
EPS 0.000143 EPS 0.000143 EPS 0.000143 Fiberglass 0.000304 
Human Toxicity 
Potential 
EPS 1390, rail transport 406, 
OSB production 232, container 
ship 226 
EPS 1390, rail transport 
406, OSB production 232 
EPS 1390, rail transport 
406, OSB production 
351 
Plywood processing 
4050, lumber processing 
1000, fiberglass 904 
3.3.Conclusions, Limitations and Suggestions  
Generally, the SIP systems have a larger negative impact than the stick-frame system in terms of GWP, AP, EP 
and ADF because their pre-manufacture leads to long-distance transportation from plant to construction site and the 
slack wax as an input for OSB production has large impacts on AP and EP. With respect to ODP, fiberglass in stick-
Figure 2. Comparison of the environmental impacts of envelope systems 
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frame house has a greater impact than EPS in SIPs. In addition, the reason that stick-frame performs worse on HTP 
is because of plywood processing. The values for EPS and fiberglass in Table 2 show that fiberglass is more harmful 
in the common indicators-GWP, AP, EP and ODP, but less harmful in ADF and HTP. As for sheathing materials, 
plywood is more environmentally friendly than OSB except for HTP. 
Comparing the three SIP alternatives, MgO scenario 1 has the highest impact in terms of GWP, AP, EP and ADF, 
but if the MgO was sourced in Canada (scenario 2), the impacts can be greatly reduced to a level which is close to or 
even lower than traditional SIPs. MgO SIP sourced from Canada perform better than traditional SIP because they 
use less OSB than traditional SIP. Therefore, efforts to develop domestic MgO sources could substantially improve 
the SIP’s environmental performance. 
There are many other properties of the SIP’s that could offset the disadvantage of these higher environmental 
impacts. First, the major benefit of SIP is reducing heat loss, thus saving operation energy. It is worth notice that the 
electricity in Vancouver mostly comes from hydro power, which has relatively low environmental impact. If built in 
another city where electricity is generated from coal and natural gas, the energy usage during the occupancy phase 
will dominate the influence on GWP and ADF, and SIPs will be more environmentally friendly than stick-frame 
housing in terms of GWP, ADF, ODP and HTP. In addition, SIPs have a great potential for reuse, for instance, by 
disassembling the house and rebuilding in another place. Stick-frame house assemblies do not generally achieve a 
high degree of material reuse. This environmental benefit is not reflected in this LCA. Furthermore, the construction 
industry is moving towards pre-fabrication because of other benefits, such as faster construction, winter 
construction, fire resistance, operation energy cost saving, etc. [8], which were not included in this environmental 
study but would influence the decision. Among SIPs technologies, MgO has the potential to outperform the 
alternatives of cement, gypsum, OSB, plywood, and plastics in terms of resistance to flame, water, mold, and 
insects. 
4.LCA of Lighting  
The U.S. Department of Energy (DOE) sponsored a three-part LCA research of incandescent lamps, Compact 
Fluorescent Lamp (CFL), and light emitting diode (LED) lamps from 2012 to 2013. Part 1 reviewed over 25 existing 
LCA studies of lighting products and compared the energy consumptions. Based on Part 1, Part 2 offered a new 
LCA to compare the environmental impacts of incandescent lamps, CFL and LED lamps, considering raw materials, 
manufacturing, transportation, use phase and end-of-life. Here, the LCA results from Part 2 [9] are used since the 
report has reviewed many of the previous LCA studies and it is based on common practice in the market.  
All the lights in the prototype home are LED lamps. According to the lighting design, there are 96 Lettin 
downlights (8 W, 759 lm), 6 Lettin Bulb (7 W, 460 lm) and 3 Lebo (7 W, 400 lm) [10]. On average, the LED lamp 
in the prototype home produces 91 lm/W. The parameters of the lighting products in the U.S. DOE report and the 
prototype home are listed in Table 3. The DOE study predicted technological progress in LED manufacturing, based 
on which, the LED 2017 was also assessed. The efficacy increase will influence the energy consumed in the use 
phase, which is the dominant contributor to all environmental indicators, and the technology progress of the LED 
will dramatically reduce the impacts from raw materials. Therefore, although the efficacy of LED lamps in the 
prototype home has not reached the midpoint between LED 2012 and LED 2017, for a rough estimate, the average 
environmental results of the LED 2012 and LED 2017 from the DOE report were used as the LCA results for the 
prototype home lamps (LED 2015). Figure 3 shows the environmental results of incandescent lamps, CFL lamps 
and LED 2015 used in the prototype home. The original data of the environmental results were from the DOE study 
but a new comparison was done by normalizing the environmental impacts of incandescent lamps and CFL lamps to 
the impacts of LED 2015 as scale factors. As Figure 3 shows, across all the 15 environmental indicators related to 
air, water, soil and resources, the LED lamps used in the prototype home have lower environmental impact than the 
conventional alternatives. 
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Table 3. Performance parameters of lighting products 
 U.S. DOE Study Prototype home 
Incandescent CFL LED 2012 LED 2017 LED 2015 
Power 60 W 15 W 12.5 W 6.1 W 8 W, 7 W, 7 W 
Lumen Output 900 lm 825 lm 812 lm 824 lm 759 lm, 460 lm, 400 lm 
Efficacy 15 lm/W 55 lm/W 65 lm/W 134 lm/W 91 lm/W 
5.LCA of HVAC System 
HVAC systems involve a number of products and systems working together to achieve synergy. There are 
numerous combinations of products and systems, and the performance of the designed HVAC system highly 
depends on the local weather and the energy generation mix. Therefore, it is impossible to identify a single HVAC 
system that is the most sustainable for all situations. A series of previous research studies involving LCA of HVAC 
systems were evaluated [11]-[17], each comparing between three and nine alternatives designs. The HVAC 
components used in the prototype home design and various alternatives considered in the previous LCA studies are 
summarized in Table 4. The indicators of environmental impacts of the previous studies focus mainly on energy use 
and global warming (green house gas emissions or global warming potential). The methodology followed here was 
to evaluate the reported advantages and disadvantages of all HVAC alternatives relative to the climate and context 
of the prototype home (without doing an actual system-specific LCA of the prototype home) to determine the 
HVAC components that are likely to perform the best in this situation. Based on our evaluation of the previous 
studies’ results, it is suggested that for the Vancouver location (maritime climate, majority of electricity from 
renewable energy), a configuration of air-to-water heat pump, hydronic floor heating, Grey Water Heat Recovery 
(GWHR), and Heat Recovery Ventilation (HRV) provided a “sustainable HVAC suite” with comparatively lower 
environmental impacts than other alternatives. Table 4 shows that the prototype home design is almost the same as 
the “sustainable HVAC suite”, except for the ventilation system. The prototype system did not use HRV.  
Table 4. HVAC design in the prototype home and alternatives  
 Prototype home Alternatives 
Space Heating Air-to-water heat pump GSHP, Electric baseboards, electric forced air, hydronic heating radiators, hydronic 
radiant floor, hydronic fan-coil forced-air distribution, air-to-air heat pump, furnace 
Space Cooling Natural Cooling A/C, air-to-air heat pump, GSHP 
Water Heating Air-to-water Heat Pump, GWHR Electric boiler, DHW heat pump, desuperheater, gas boiler 
Ventilation Electric air blower HRV, hydronic fan-coil forced-air distribution 
Figure 3. LCA results comparison for lighting products (adapted from [9], abbreviations below).  Normalized as performance indices 
(lower is better) against a base of LED 2015 performance = 1.0 
GWP - Global Warming Potential (kg CO2-eq)                                   AP - Acidification Potential (kg SO2-eq) 
POCP - Photochemical Ozone Creation Potential (kg O3 formed)      ODP - Ozone Depleting Potential (kg CFC11-eq) 
HTP - Human Toxicity Potential (kg 1,4-DCB- eq)                             FAETP - Freshwater Aquatic Ecotoxicity Potential (kg 1,4-DCB- eq) 
MAETP - Marine Aquatic Ecotoxicity Potential (kg 1,4-DCB- eq)     EP - Eutrophication Potential (kg PO4-eq) 
LU - Land Use (m2a)                                                                            EDP - Ecosystem Damage Potential (points) 
TAETP - Terrestrial Ecotoxicity Potential (kg 1,4-DCB- eq)              ARD - Abiotic Resource Depletion (kg Sb-eq) 
NHWL - Non-Hazardous Waste Landfilled (kg waste)                        RWL - Radioactive Waste Landfilled (kg waste) 
HWL - Hazardous Waste Landfilled (kg waste) 
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6.Conclusions 
From the perspective of environmental impacts alone, the MgO SIP technology used in the prototype home are 
not shown to be an optimal solution, though the environmental impacts could be reduced if the MgO material could 
be sourced domestically. For many of the indicators, the differences between the alternatives are not large and are 
quite dependent upon assumptions relating to the transportation of materials, etc. Moreover, if SIPs are used in 
another location where electricity is generated from coal and natural gas, SIPs will be significantly more sustainable 
than stick-frame method because of the better operating performance arising from the improved insulation. From the 
same perspective, the LED lighting used in the prototype home was found to perform better than the conventional 
alternatives, and the HVAC design was found to be near an optimal solution. It was found that the LCA performed 
for this prototype project provided significant insight into the performance of the chosen building systems relative to 
other alternative solutions.  However, it was also found that the LCA is so sensitive to numerous context and design 
parameters that the results should not be generalized and, even for the specific project being assessed, the LCA 
results should not be taken too literally. Rather, they should be considered as one of many qualitative and 
quantitative factors used in selecting design solutions. In conclusion, LCA can provide a useful approach for 
assessing the environmental impact of various design alternatives. More generally, home design is a multi-objective 
decision-making process and the environmental impact must be considered along with many other objectives to 
arrive at the ideal design solutions. 
Acknowledgement  
The active support and collaboration of AYO Smart Homes as an industrial partner of this research, and of 
support from the Natural Sciences and Engineering Research Council of Canada, the UBC Sustainable Building 
Science Program, and the UBC Centre for Interactive Research on Sustainability is gratefully acknowledged. 
References 
[1] D. Crawley and I. Aho, “Building environmental assessment methods: applications and development trends,” Build. Res. Inf., vol. 27, no. 4–
5, pp. 300–308, 1999. 
[2] ISO14040, Environmental management — Life cycle assessment — Principles and framework. 2006. 
[3] W. B. Trusty, “Introducing An Assessment Tool Classification System,” Advanced Building Newsletter, 2000. [Online]. Available: 
http://aesl.hyu.ac.kr/resource/blcc/assess-typology-tool.pdf. [Accessed: 19-Nov-2015]. 
[4] J. O’Connor and M. Bowick, “Advancing_Sustainable_Design_with_LCA.pdf,” SAB Magazine, 2014. 
[5] CMHC, CANADIAN WOOD-FRAME HOUSE CONSTRUCTION, Third. Canada Mortgage and Housing Corporation, 2014. 
[6] AYO, “AYO Smart Home Final Drawings.pdf.” 2015. 
[7] D. Kellenberger and H.-J. Althaus, “Relevance of simplifications in LCA of building components,” vol. 44, pp. 818–825, 2009. 
[8] TitanWall, “8 Key Advantages.” [Online]. Available: http://titanwall.com/features_benefits_of_SIPS.php#Adv4. [Accessed: 19-Nov-2015]. 
[9] M. J. Scholand and H. E. Dillon, “Life-Cycle Assessment of Energy and Environmental Impacts of LED Lighting Products Part 2: LED 
Manufacturing and Performance,” 2012. 
[10] Light & Effects, “AYO Smart Home Lighting Design.” 2015. 
[11] K. Sørnes, “Heating and Ventilation of Highly Energy Efficient Residential Buildings : Environmental Assessment of Technology 
Alternatives,” Norwegian University of Science and Technology, 2011. 
[12] CMHC, “A Life-Cycle Environmental Assessment Benchmark Study of Six CMHC EQuilibrium Housing Initiative Projects,” 2015. 
[13] V. P. Shah, D. C. Debella, and R. J. Ries, “Life cycle assessment of residential heating and cooling systems in four regions in the United 
States,” Energy Build., vol. 40, no. 4, pp. 503–513, 2008. 
[14] G. Proskiw, “Identifying affordable net zero energy housing solutions,” 2010. 
[15] M. Prek, “Environmental impact and life cycle assessment of heating and air conditioning systems, a simplified case study,” Energy Build., 
vol. 36, no. 10, pp. 1021–1027, 2004. 
[16] L. Yang, R. Zmeureanu, and H. Rivard, “Comparison of environmental impacts of two residential heating systems,” Build. Environ., vol. 43, 
no. 6, pp. 1072–1081, 2008. 
[17] R. Zmeureanu and X. Yu Wu, “Energy and exergy performance of residential heating systems with separate mechanical ventilation,” 
Energy, vol. 32, no. 3, pp. 187–195, 2007. 
 
